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Abstract 
 Nano-engineered lubricant additives such as organically-active nanoparticles of 
molybdenum disulphide (Hybrid-milled MoS2) are becoming increasingly popular in the 
fight against harsh friction and wear that occurs during boundary-layer lubrication. A 
previous paper (Verma, 2007), has reported improvements in both coefficient of friction 
and wear scar diameter; however, there exists very little data concerning the methods 
through which this improvement is achieved. Using techniques such as atomic force 
microscopy (AFM), nanoindentation, scanning electron microscopy (SEM), focused ion 
beam (FIB), high resolution transmission electron microscopy (HRTEM) as well as 
tribometery, the chemical and mechanical characteristics of the nanoparticle based 
tribofilm are characterized.  It was found that after 10 minutes of boundary-layer 
lubrication, a “pad-like” film of MoS2 islands approximately 3 microns in diameter are 
formed on 52100 steel. The thickness of the film was determined to be on the order of 
120 nm using FIB as well as nanoindentation. 
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Introduction 
 Recent work done by the Materials Manufacturing and Research Laboratories 
(MMRL) at the University of Arkansas has shown that nano-engineered lubricant 
additives can provide significant advantages in the fight against friction and wear 
(Verma, 2007).  In this work, nanoparticles of the extremely soft material molybdenum 
disulphide are used to reduce the friction and wear experienced during extremely harsh 
contact conditions. 
When two mating surfaces come into contact, there are three distinct lubrication 
regimes: elastohydrodynamic lubrication, in which the lubricant layer is sufficient to 
keep surface asperities from contacting; mixed lubrication, in which a thinner layer of 
lubricant allows some interaction between asperities; and boundary-layer lubrication, in 
which all of the liquid lubricant is forced out of the contact zone and the asperities 
directly interact with each other (Williams, 2005). It is easily foreseen that the greatest 
amount of wear will occur in the boundary-layer lubrication regime. This being said, the 
lifetime of mating parts in severe contact can be improved by improving conditions in 
this regime.  
When nanoparticle lubricant additives are present in boundary-layer lubrication, 
thin-films known as tribofilms form in the contact area. These films serve to reduce 
friction and wear, and are of great importance to the increase of part life. The goal of 
this work is to determine experimental methods by which the formation of protective 
films of nanoparticle based lubricant additives can be measured.  
4 
 
Development of Tribofilm Measurement Procedures 
Preparation of Molybdenum Disulphide Nanoparticles 
 Nanoparticles of MoS2 were prepared using a process known as high energy ball 
milling, or mechanical milling. Using a SPEX-8000D mixer/mill (SPEX SamplePrep) 
commercially available microparticles of MoS2 were reduced to an average size of 
approximately 200 nm (Verma, 2007). The process used to produce these particles is 
known as hybrid milling, in which the particles are milled for 24 hours in dry conditions, 
then oil is added to the vial and milling is continued for 24 additional hours. 
 A dispersion was prepared of 1% hybrid-milled MoS2 nanoparticles in poly-alpha-
olefin base oil (PAO-10) with 0.5% emulsifier and sonicated for 10 minutes. The 
sonication process serves the purpose of deaglommeration the particles and insuring 
that there is an abundance of nanometer scale particles available at the contact zone. 
The dispersion was sonicated for 5 minutes prior to any subsequent tests. 
 
Sample Preparation  
 Discs of E52100 bearing steel where turned to a diameter of 15mm and 
thickness of 2 mm. These discs where then heat treated and oil quenched to a hardness 
of 52 RHC. The disks were then polished to a mirror finish using a Buehler EcoMet 
polisher. The roughness of a bare disk was analyzed using a VEECO Multi-Mode V  
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Atomic Force Microscope (AFM). The Ra value was determined to be approximately 3 
nm on average as shown in Figure 1. 
 A CSM-Instruments Tribo-tester was used to prepare tribofilms on the surface of 
the 52100 steel pucks. The dispersion of 1% hybrid-milled MoS2 nanoparticles in PAO-10 
with 0.5% emulsifier was spread liberally on the puck prior to the tribotest. The tribotest 
was then run with the following conditions: 1 N load; 0.25 cm/s linear speed; 10 minutes 
running time; 10 mm 52100 steel ball as static friction partner. After removal from the 
tribometer, the sample was immersed in hexane for 1 minute then allowed to dry.  
. 
 
Figure 1: AFM roughness analysis of a bare 52100 steel puck after polishing to a 
mirror finish. The Ra value is 2.9 nm. 
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Initial AFM and SEM/FIB Cross Section Analysis 
 As a first step in proving that a tribofilm was developed during the tribotest, a 
sample was created using the above sample preparation technique. The tribotest was 
then run with the following conditions: 10 N load; 1 cm/s linear speed; 1 hour running 
time; 10 mm 52100 steel ball as static friction partner. After removal from the 
tribometer, the sample was immersed in hexane for 1 minute then allowed to dry.  
 After the sample was removed from the hexane, it was analyzed using AFM. The 
topography of the shiny area of the wear track was then compared to that of the bare 
substrate. The comparison can be seen in Figure 2. The roughness (Ra) values of the 
wear track and the bare substrate were 25.719 nm and 191.54 nm respectively. 
 
 Another area of interest to this research was to determine a method by which 
the thickness of the tribofilm could be measured. By using SEM/FIB we were able to 
machine a 10 by 10 micron area, 5 microns deep and examine the cross section. The 
images in Figure 3 show step by step how the imaging was carried out. Using the 
Figure 2- Roughness analysis of bare stainless steel AFM puck (left) and wear track after tribofilm is deposited (right). 
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measurement capabilities of the SEM, we were able to determine that the tribofilm 
varied in thickness from a low of 150 nm to a high of 450 nm. These images also show 
what appear to be intact nanoparticles trapped in the film; however, due to the high 
energies used during ion-milling causing amorphisation we were unsuccessful in proving 
that to be true. 
Results 
 The outcome of this experiment was to prove that the sample preparation 
technique utilized developed a uniform tribofilm on the surface of the steel puck. It was 
also determined the hexane rinse was sufficient in removing residual oil and loose 
Figure 3- (Top row) SEM images taken at progressively higher magnification showing the deposition of MoS2 tribofilms 
in the wear scar. (Lower left) SEM image taken after 10 x 10 micron cut is made using FIB. (Lower center) Ion image 
taken after cross section was “cleaned” using low power ion milling. (Lower right) SEM image of the cross section. The 
film can easily be distinguished from the steel substrate.  
8 
 
particles from the surface in order to facilitate both AFM and SEM imaging techniques. 
The results clearly show that SEM with in-situ FIB is a viable method to determine the 
thickness of the nanoparticle based tribofilm developed during tribotesting. It is 
important to note that these tests were conducted using a stainless steel AFM puck as 
the substrate. Subsequent tests used 52100 hardened steel as the substrate. This 
change was made as a result of other research measures and does not reflect a short 
coming of the stainless steel substrates. 
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SEM/FIB- TEM/EDX Analysis 
 In order to validate the use of nanoindentation to measure the thickness of the 
deposited tribofilms, the sample subjected to 10 minutes of boundary-layer lubrication 
was examined using scanning electron microscopy with in-situ focused ion beam 
(SEM/FIB) and transmission electron microscopy (TEM). The SEM images in Figure 4 
show pad-like islands that are believed to be the beginnings of a continuous tribofilm. 
First, a thin layer of platinum was deposited over the selected area to be examined. This 
layer serves to protect the sample from being obliterated by the ion-milling process. 
Two large rectangular regions are then milled on either side of the area of interest. The 
sample is then undercut across the bottom and up both of the sides leaving only a small 
connection intact. A tungsten probe measuring roughly 5 microns in diameter is then 
brought into close contact with the sample and attached using platinum deposition. The 
Figure 4-(left) The resulting wear track is faintly visible after a 10 minute test at boundary-layer lubrication, (right) 
closer inspection reveals that the wear track is covered in small pads ranging from <1 micron to ~5 micron. 
10 
 
FIB is then used to cut the sample free from the substrate, and the sample is “plucked 
out” by the probe.  
The sample is then transferred to a copper TEM grid within the vacuum chamber 
where it is attached using platinum deposition. The probe is then cut free leaving the 
sample attached to the TEM grid for further thinning. The sample must be thinned to 
Figure 5- (Upper left) Using ion milling, two 10 x 10 micron areas are milled on either side of the sample 5 microns 
deep. The sides and bottom are undercut. Also visible is the protective strip of platinum deposited in the first step. 
(Upper right) The sample is plucked free using the Omni-probe. (Lower left) The sample is brought into contact 
with the copper TEM grid. (Lower right) The sample is adhered to the grid using platinum deposition and the probe 
is cut free. 
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less than 500 nm in thickness prior to being analyzed in the TEM. Figure 5 shows the 
step by step process by which the TEM sample is produced. Using the FEI Titan 80-300 
kV S/TEM we were able to perform chemical mapping of the sample as well as a few 
“spot checks” using EDX.  
Results 
 The formation of pad-like films with ZDDP lubricant additives has been shown to 
occur within one minute of rubbing (Zhang, Yamaguchi, Kasrai, & Bancroft, 2005). The 
resulting morphology with ZDDP is strikingly similar to what was observed in SEM when 
using hybrid-milled MoS2 additives.  However, it is important to note that ZDDP films 
form due to chemical reactions, while MoS2 nanoparticle based films form due to 
mechanical adhesion and shearing of nanoparticles. These pads were shown to vary in 
diameter from <1 micron to 5 micron, and had developed within 10 minutes of rubbing 
time. 
Using the FEI Titan 80-300 kV S/TEM we were able to perform chemical mapping 
of the sample as well as a few “spot checks” using EDX. The results of chemical mapping 
are shown in Figure 6. It is easily determined that the large white area in the dark-field 
image is the steel substrate and that the particle attached to the surface of the steel is 
clearly MoS2 by the sudden peaks in both molybdenum and sulfur. It is determined that 
the thickness of the MoS2 particle was approximately 120 nm. Later, EDX was used to 
confirm these results. Figure 7, Figure 8, and Figure 9 show that the information 
gathered by chemical mapping was indeed correct.  
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Figure 6- Chemical map created using the FEI Titan 80-300 kV TEM, the scan is taken along the diagonal line 
in the center of the dark-field image starting at 1. Notice the sudden drop in iron, accompanied by a sudden 
increase in molybdenum and sulfur at approximately 100 nm. These graphs do not show the main composition 
of the area beyond the MoS2 particle, but this is resolved with a spot check shown in figure 19. 
 
 
Figure 7- EDX spot check to insure that the bright area on the dark field image is in fact steel. 
13 
 
 
Figure 8- EDX spot check on the particle adhered to the steel surface. It is believed that the traces of Fe and Ga 
are results of the intensive ion milling required during sample preparation. 
 
Figure 9- EDX of the area beyond what was seen in the chemical map. It is shown that this is the layer of 
platinum that was deposited during sample preparation in the FIB. 
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Nanoindentation 
 The sample was then tested using a Hysitron UBI-1 Triboindenter with a 40 nm 
radius Northstar cube-corner tip. A 10x scope was used to precisely position the tip over 
the wear track prior to indentation. The tip was then brought into contact with the 
substrate and the indentation cycle shown in Figure 10 was carried out. Since 
approximately 50% of the wear track was not covered by the developing tribofilm, 
multiple indents were required in order to obtain reproducible force vs. displacement 
curves. Curves that were discarded closely resembled the curve for a bare steel 
substrate.  The resulting curves were then analyzed to determine the point at which the 
tip pierced the tribofilm and came into contact with the steel substrate.  
 
Figure 10: Force vs. time for the nanoindentation cycle. 
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Results 
 While FIB is and remains to be the best method by which to measure the 
thickness of the resulting tribofilms, the steel substrate that was used was not readily 
ion-milled. For example, each of the 10 x 10 micron rectangular cuts took approximately 
90 minutes to make at a very high power. A similar research effort was found where 
nanoindentation was used to determine tribofilm thickness (Ye, 2002).  
Figure 11 shows 3 nanoindentation curves taken with the Hysitron UBI-1 
Triboindenter with a 40 nm radius Northstar cube-corner tip. The point at which there is 
sudden change in the materials resistance to deformation (slope of the force-
displacement curve) was taken to be the point at which the tip pierces the tribofilm and 
makes contact with the steel substrate. For all three curves, this point is at roughly 110-
115 nm. This is in good agreement (within 10%) with the data obtained through TEM. 
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Figure 11: Force-displacement curves obtained using a Hysitron UBI-1 Triboindenter. By comparing the 
indentations taken on bare substrate and on areas of the tribofilm, some graphical assumptions concerning the 
thickness of the tribofilm can be made. 
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Proposed Study for Further Tribofilm Analysis 
Sample Preparation 
 Nanoparticles of molybdenum disulphide will be prepared using the same 
process described in the previous section.  Using a CSM-Instruments TriboTester, MoS2 
nanoparticle-based tribofilms will be formed on disks of E52100 steel with diameter of 
12 mm and hardness of 52 RHC. The duration of testing will be varied systematically 
from 30 minutes to 8 hours. After removal from the TriboTester, the sample will be 
immediately submersed in hexane to remove residual oil from the surface.  
Experimental Details 
 The resulting samples will be analyzed using SEM, AFM and nanoindentation. 
The results from SEM and AFM will determine the developmental stage of the film, 
while nanoindentation will allow for the investigation of the thickness of the film, as 
well as the strength and hardness of the developed films.  
Results 
 The resulting data will allow for the explanation of how these important 
lubricating films develop as a function of time. This is extremely important to industry, 
in that the moments very soon after a mechanical system is set into motion.  
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Conclusions 
 It was found that when 52100 steel with a surface roughness (Ra) of 
approximately 3 nm was used as the moving friction partner, that a “pad-like” film was 
formed in the wear track after 10 minutes of rubbing time. These pads ranged in 
diameter from <1 micron to 5 micron. The thickness of these pads was determined using 
FIB and TEM as well as nanoindentation, and was found to be roughly 120 nm. EDX 
confirmed that these pads where MoS2, and contained only traces of other elements. 
The outcomes of this research project were two-fold. To begin with, a sample 
preparation procedure was established by which a tribofilm formed by nanoparticle 
lubricant additives could be deposited during wear testing then analyzed using SPM and 
electron imaging techniques. Secondly, the groundwork was laid for future investigation 
of the time-dependant formation of tribofilms by nanoparticle lubricant additives using 
techniques such as nanoindentation, SEM, FIB and TEM.  
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